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GAIT OF NORMAL HONG KONG CHINESE CHILDREN:
THE BOOTSTRAP APPROACH
Vivian Chan Bacon-Shone,1 MAppSc; John Bacon-Shone,2 PhD
Abstract: This paper describes a study on the gait of normal Hong Kong Chinese children using a representative
sample to create a normal paediatric gait database. The database will serve as a local reference norm for the
comparisons of pathological gait patterns. The 11 males and nine females aged from seven to 12 years were
recruited through stratified random sampling. Free walking gait cycles were collected using the ELITE Motion
Analysis System. Bootstrap analysis was used to generate the prediction regions of kinematic curves in sagittal,
coronal, and transverse planes for two age groups; seven to nine years and 10 to 12 years.
The study demonstrates unique characteristics of the gait pattern of Hong Kong Chinese children. The key
differences are in the pattern of hip rotation and the magnitude of pelvic rotation, that may be linked to differences
in the static rotational profile of Chinese children. The higher cadence, shorter stance, and stride time for a
given age in Hong Kong Chinese children is possibly explained by lower leg-to-height ratios. The study suggests
that leg length, height, and age may be associated with cadence, stance time, and stride time only through
the leg-to-height ratio. The marked similarities in the Hong Kong and US findings support the use of this normal
paediatric gait database using the bootstrap approach as a reliable means for assessing pathological gait in
children.
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Introduction
This paper describes a study of the gait in normal Hong
Kong Chinese children using instrumented gait analysis.
The study is the first attempt to collect a representative
sample of normal Hong Kong Chinese children to create
a normal gait database. This database is intended to serve
as a reference norm for the comparison of pathological
gait patterns, while taking into account the variability of
individual subjects and the laboratory set-up.
Growth studies show that growth standards are quite
different between British and American children
compared with Japanese and Hong Kong Chinese
children [1]. Studies on local children found differences
in the joint laxity and body proportions of normal Hong
Kong Chinese children when compared with children of
other races [2–4]. Thus, a local normal gait database is
essential and should be available for the assessment of gait.
The other key feature of this study is that it adopts the
methodology of Sutherland, et al for creating normal
Original Paper
prediction regions for the identification of pathological
gait [5]. Using the bootstrap approach to create prediction
regions is preferable and superior to using two standard
deviation limits that can incorrectly identify many normal
children as being outside the normal range [6].
Subjects and Methods
Literature Review
To document and evaluate gait in children, it is desirable
to have standards for normal gait parameters. Gait analysis
laboratories need to provide objective data for
comparison. Objective data are reliable only if normal
children are correctly represented and their racial
characteristics are taken into account. Then the normal
variation has to be correctly predicted such that the data
used will be able to accurately detect abnormalities.
A number of studies have pointed out that growth
standards are quite different between British and
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American children compared with Japanese and Hong
Kong Chinese children in terms of both tempo and size
of growth [1, 7–9]. The Asiatic trait of relatively short
legs was first reported by Low et al [10]. They found that
during 1961 to 1963, and 1977 to 1979 there was a
continuous secular gain in sitting height with age without
an equivalent increase in lower limb length, suggesting
a change in body proportion noted among Hong Kong
Chinese girls aged from nine to 20 years. Cheng et al,
reported that Hong Kong Chinese children aged from
four to 16 have a proportional limb segmental length
relative to the trunk, which is significantly different from
the proportionally longer limbs of Caucasian and African
children [4]. As leg length is one of the major variables
in determining velocity, cadence, and step length in
normal walking, we anticipate that these parameters
will differ from peers of a different race.
Furthermore, Cheng, et al also reported different
angular and rotational profiles of the lower limb in Hong
Kong Chinese children [3]. It was found that the foot–
thigh angle in Chinese children is on the average 10º to
15º more than that in children from other races of the
same age. Joint laxity in Chinese children was found to
be greater throughout the age range than Caucasian in
children [2]. These findings all bear some implication for
what are regarded as being normal parameters in standing
and walking of Hong Kong Chinese children.
Numerous quantitative studies of the normal gait in
children have been carried out [11–20]. Gorton studied
the repeatability of normal gait patterns of children aged
five to 16 years using the VICON VX Motion Analysis
System and reported the gait patterns to be very consistent
across the age range [21]. Gorton's study also supported
earlier findings that gait matures at age five to seven
years [15]. He suggested that a paediatric database might
be useful for children aged five to 16 years.
As instrumented gait analysis results are frequently
used to study pathological gait, results are often presented
as deviations from normal. However, as shown by Lenoff
et al, angular kinematic curves do not follow a Gaussian
Normal Distribution and pathology is usually assessed
with reference to the entire walking cycle, so using
point-wise standard deviations is not appropriate [6]. A
better approach is to use the non-parametric methodology
of bootstrap analysis [22] to create prediction regions for
the kinematic curves, as introduced for gait by earlier
investigators [5, 15].
Subjects
Twenty normal children, 11 boys and nine girls, aged
from seven to 12 years, constituted the study sample.
The children were recruited from different schools that
were randomly selected to be representative of different
districts within Hong Kong and different school types.
The children were all screened for normality based
on being full-term at birth; the age of commencement of
independent walking being not more than 18 months;
and having no orthopaedic or developmental problems.
The Table shows the age and sex breakdown of the
subjects.
Methodology
To select the children in a representative manner, a
stratified random sampling procedure was used. The
Education Department of the Hong Kong Government
was contacted and it randomly selected schools to cover
the different districts and school types. The schools were
individually contacted and the subjects were randomly
selected based on age.
The parents of children who agreed to participate
were interviewed regarding birth and developmental
history. Physical measurement of height, weight, and
joint ranges of lower limbs was conducted and recorded.
The free, steady state walking gait patterns of the children
were collected at 50 Hz using a four camera ELITE
Motion Analysis System (BTS Bioengineering Technology
& System, Milano, Italy). Markers were placed on the
body by the examiner as specified by the 3-Dimensional
Anatomical Protocol. Kinematic patterns were calculated
using Eliclinic software, version 20 (BTS Bioengineesing
Technology & System). Three walking trials were
conducted for each of the 20 children making a total of
60 trials. For each trial, data were collected separately for
a left and a right limb, yielding a maximum of 120
observations of walking trials used for processing data.
However, only 40 observations—one observation for
each leg—were used for the tests of statistical significance.
This was to avoid the possible high correlation that may
exist between data from replicated trials of the same
subject.
Walking cycles of the mid steps of the walking trials
were selected for each child. The angular kinematic
curves for each complete cycle that included stepping on
the force platform were digitized manually. Then, each
angular curve sampled underwent low bandwidth
frequency smoothing by selecting the first seven
harmonics from Fourier analysis, which summarized
the curves to a very high degree of accuracy (at least 98%
Table. Age and sex distribution of subjects
Age(yrs) Male Female Total
7 1 0 1
8 2 3 5
9 3 0 3
10 1 4 5
11 3 2 5
12 1 0 1
Total 11 9 20
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of the variability for each angle). For each angle, these
smoothed curves then underwent bootstrap analysis,
which involved drawing 400 samples without
replacement from the set of smoothed curves for each
angle to generate a prediction region using the empirical
distribution rather than a normal approximation [22].
Full mathematical details can be found in Lenhoff et al [6].
Cross-validation was then used to assess the true
coverage of the prediction region, by removing each of
the 400 pseudo-samples in turn, and checking whether
the removed curve was completely within the prediction
region. The size of the region can then be adjusted until
cross-validation shows that the coverage is 95% as
desired. To generate prediction regions in the kinematic
curves comparable to Sutherland et al [15], the mean
walking position over each trial for each individual was
used as the frame of reference for comparison.
The mean walking position was computed using the
mean value of each angle over the walking trial and then
subtracted from all values of that angle in that trial; so
that the analysis used differences of the angles from the
mean for that trial, and the analysis was not affected by
the standing position.
The prediction regions of the kinematic curves were
calculated using these differences of the displacement
angles from the mean angle calculated over that particular
walking cycle and hence reflect dynamic rather than
static posture.
Relationships of velocity, step length, cadence, stance
time, and stride time with leg length, height, and age
were investigated using linear regression models, after
taking logarithms of all length and time measurements.
For generating the prediction regions of the kinematic
curves, the children were classified into two age groups,
namely seven to nine years and 10 to 12 years, to take
account of developmental change and provide precise
prediction regions. Ideally, the prediction regions would
be done separately for each yearly cohort, but this would
require a much larger sample than is available here. No
significant differences were found in any aspect of the
gait cycle between the left and right legs (p > 0.05), so the
data were pooled.
Results
In our investigation of the relationship between different
gait parameters, age and body proportion, velocity was
not found to be associated with age (p = 0.10), height
(p = 0.06), leg length (p = 0.21) or leg-to-height ratio
(p = 0.77). Cadence was found to be negatively correlated
with the leg-to-height ratio (r = –0.64; p < 0.0001).
Step length was found to be associated with age
(p < 0.0001), leg length (p = 0.0002), height (p < 0.0001),
and leg to height ratio (p = 0.0006).
The temporal parameters that correlated with leg
length-to-height ratio are the stance time (r = 0.52;
p = 0.001) and stride time (total time used in making a
stride; r = 0.61; p < 0.0001). However, neither cadence,
stance, nor stride time was found to be associated with
height, leg length or age, once controlled for leg-to-
height ratio.
Joint laxity, as shown by the degree of knee
hyperextension in standing, can also be seen in our data
set of Hong Kong Chinese children. The results are
shown in Figure 1. The top panel shows knee flexion/
extension in standing as generated by the Eliclinic
software using the laboratory frame of reference. The
bottom panel shows the readings obtained from the
goniometric measurement of the range of movement of
the knees in standing. In both of these graphs, 75% of the
measurements are negative, which indicates knee
hyperextension in standing.
The prediction regions in the kinematic graphs
generated in this study are similar in both age groups. As
the oldest children in Sutherland’s study population are
only seven years old, only the graphs for the group that
overlaps his study in age, namely those aged seven to
nine years, are shown. The prediction regions of the
normal kinematic graphs for our younger group are
shown in Figures 2 to 5. These figures show the mean
curves and the upper and lower limits of the prediction
regions for the Hong Kong Chinese subjects. In the case
of hip and pelvic rotations shown in Figures 4 and 5,
Fig. 1. Knee hyperextension as a measure of joint laxity
in Hong Kong Chinese children.
7
Fig. 2. Prediction regions of normal range for hip AB-
adduction in Hong Kong Chinese children.
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respectively, which show important differences between
Hong Kong and US children, the mean curves for the
seven-year-old US children in Sutherland’s study are
also shown.
Discussion
Although the results showed no significant association
between velocity and age, leg length, leg length-to-
height ratio and height, this may be due to velocity
stabilizing by the age of seven, as noted by Sutherland,
et al [15]. Step length shows a strong association with
age, leg length, leg length-to-height ratio and height, as
expected and reported by Wheelright [19]. It is well
known that leg length, height, and age are strongly
related to cadence in walking, as was also found here
[19]. Cadence was found to be negatively associated
with leg-to-height ratio, which provides a possible
explanation as to why Chinese children, who have
shorter legs for a given height or age, have a higher
cadence when compared with British children.
A point of interest here is that our findings suggest
that height, leg length, and age may only affect the
temporal parameters (stance time and stride time)
through the leg length-to-height ratio. While our age
range is restricted and the sample size is small, this seems
worthy of further investigation given the implication
that the leg length to height ratio may be an important
indicator of different stages in the development of gait.
As stance time and stride time are both shown to be
strongly positively associated with leg length-to-height
ratio, it can be seen that these parameters are shorter for
children with relatively shorter legs. In Hong Kong
Chinese children, these temporal parameters are shorter
for a given age when compared with British children of
the same age.
Joint laxity, as shown by the degree of knee
hyperextension in standing, can be seen in our data set,
consistent with the findings for Hong Kong Chinese
children by previous investigators [2]. This laxity,
however, does not seem to affect the dynamic flexion/
extension of the knee in walking, as shown in Figure 3.
The normal kinematic curves with their prediction
regions show marked similarity between Hong Kong
Chinese children and US children described in earlier
studies [15, 16] despite the use of different laboratory
set-ups and different motion analysis systems. Most of
the mean kinematic curves for US children fall within
the normal range for Hong Kong Chinese children. The
notable exceptions are the hip and pelvic rotations
shown in Figures 4 and 5, respectively. While Hong
Kong Chinese children show three phases of progression
towards internal hip rotation, US children show only a
single phasic change into internal hip rotation at mid- to
terminal stance. Although hip rotation appears to
change in direction more in Chinese children, the
pelvis rotates in a way very similar in pattern to the US
children. The notable difference in pelvic rotation is
that Chinese children have only about half the amount
of rotation compared with US children. This may have
some link to the findings, using static measurement of
hip rotation, that Hong Kong Chinese children showed
an average of 5° more internal rotation and 10° less
external rotation than children of other races of the
same age [3].
Fig. 3. Prediction regions of normal range for hip/knee
flexion and plantar flexion in Hong Kong Chinese
children.
Fig. 4. Prediction regions of normal range for hip/foot
rotation in Hong Kong Chinese children.*Data from
the US.
Fig. 5. Prediction regions of normal range for pelvic
obliquity/tilt/rotation in Hong Kong Chinese children.
*Data from the US.
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Conclusion
The findings of this study demonstrate unique
characteristics of the gait pattern of Hong Kong Chinese
children. This illustrates the need for a local normal
paediatric gait database. The key differences from the
gait patterns of US children are in the pattern of hip
rotation and the magnitude of pelvic rotation, which
may be linked to differences in the static rotational
profile of Hong Kong Chinese children as previously
reported. The higher cadence, shorter stance, and stride
time for a given age in Hong Kong Chinese children, may
be explained by their lower leg-to-height ratio. The
study suggests that leg length, height, and age may only
be associated with cadence, stance time, and stride time
through the leg to height ratio, although this needs
further investigation given the small sample size. Joint
laxity, as shown by the degree of knee hyperextension
in standing, and as was previously noted for Hong Kong
Chinese children, does not seem to affect the dynamic
flexion/extension of the knee in walking. In view of the use
of prediction regions to describe normal paediatric gait, the
marked similarity of the Hong Kong and US data lends
support to this normal paediatric gait database being a
reliable standard for assessing gait in Hong Kong Chinese
children.
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